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Measurements were made of the  l a t e r a l  hydrodynamic forces experienced by s 
cen t r i f  ugal p ~ m p  impeller performing c i r c u l a r  whirl motions within several volute 
geametries. Experiments were conducted f o r  various flow coeff ic ients ,  d, impeller 
r o t a t i ng  speeds or angular frequencies, w, and the  angular frequenoy of t he  whirl  
motion, 0 ,  was var ied from zero t o  nearly synchronous (0%) and t o  nearly anti- 
synchronous (0-a). The l a t e r a l  foroes were decomposed i n t o  ( i )  time averaged 
l a t e r a l  forces  and ( i i )  hydrodynamic force matrices representing the var ia t ion  of 
the l a t e r a l  forces with posi t ion of the  impeller center. No assumptions concerning 
t he  form of these matrices need t o  be made. The l a t t e r  can be fu r ther  decomposed 
according t o  the  va r i a t i on  with whirl frequenoy, the  r e s u l t  being "s t i f fnessN,  
"damping", and "fluid i n e r t i a l "  rotordynamic foroe matrices. It was found t h a t  
these foroe matrices e s sen t i a l l y  consist  of equal diagonal terms and skew-symme t r i c  
off-diagonal terms. One consequence of t h i s  i s  t h a t  daring i t s  whirl, motion the  
impeller axperienoes forces  acting normal and tangent ia l  t o  the  locus of whirl.  
Data on these normal and tangential  forces a r e  presented; i n  par t i cu la r  i t  i s  shown 
t h a t  there  e x i s t s  a region of posi t ive  reduced whirl frequencies, a/@, within which 
the hydrodynamic forces  can be destabi l iz ing with respeot t o  whirl.  
NOMENCLATURE 
[A] = dimensionless hydrodynamic force matrix 
t Bl = the  6x6 in te rna l  balance cal i b r a t i on  matrix 
[C] = hydrodynamic damping matrix a s  defined by Eq,(3). 
b2 = impeller discharge width 
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(PI = 6-component general izsd f orce vector  
FIB F2 = components of instantaneous l a t e r a l  force on impeller  i n  t h e  r o t a t i n g  
in te rna l  balance referenoe frame 
Fx* Fy = components of instantaneous l a t e r a l  force on impeller i n  f xed labora- 3 1 tory reference frame (X, Y) non-dimensional ized by Ya pnrZo b2 
F = values of Px and F when impeller ax i s  remains coincident with the 
OY o r ig in  of the  (X,Y) 'coordinate system 
Components of instantaneous l a t e z a l  force on impeller  n o q a l  t o  and 
tangent ia l  t o  t h e  whirl  o r b i t *  non-dimensionalized by % pnr w b28 2 
in tegers  such t h a t  P = IW/J 
hydrodynamic s t i f f n e s s  matrix a s  defined by Eq. ( 3 )  
hydrodynamic i n e r t i a l  matrix a s  defined by Eq. ( 3 )  
pump rpm = 60w/2n 
impeller discharge radius  
time 
6-component veot or of i n t e r n a l  balance bridge output vol tages  
f ixed l abora to ty  reference frame 
instantaneous coordinates of impeller center  i n  f ixed  labora tory  refer -  
ence frame (X, Y) , non-dimensional ized by rZ 
. .. .. 
x,y,x,y = f i r s t  and second time der iva t ives  of impeller pos i t ion  non- 
-1 dimensionalized using t h e  d is tance  r2 and t h e  time w 
e = radius of c i r c u l a r  whirl  o r b i t  
P = density of water 
d = pmnp flow coef f i c ien t  based on impeller discharge area and t i p  speed 
Y 2 2 = pump t o t a l  head coef f i c ien t  = t o t a l  head r i s e  divided by prZo 
w = radian frequency of pump s h a f t  r o t a t i o n  
IZ = radian f reqaency of whirl  motion = I ~ / J  
Additional subscr ip ts  P and Q and snpersc r ip t  k r e f e r  t o  t h e  Fourier  decomposi- 
t i o n  of F1 and F2 defined i n  Eq. ( 7 ) .  
I n  recent  yea rs  i t  has been increas ingly  recognized t h a t  hydrodynamic cross- 
coupling fo rces  can cause serious r o t o r  dynamic problems i n  high speed 
turbomachines. Such problems bave been experienced not only in steam turbines  
(Ref s . l , 2 ) ,  but a1 so i n  large  compressors (Ref s.3,4) ,  i n  turbines  (Ref .S )  and i n  
high speed pumps (Ref.6). Though other  i n s t a b i l i t y  mechanisms such as  i n t e r n a l  
damping or  n o w i s o t r o p i c  sha f t  s t i f f n e s s  o r  r o t o r  i n e r t i a  can be f a i r l y  read i ly  
oharacterized t h e  same cannot be sa id  of the hydrodynamic c rosscoup l ing  forces.  
Various hydrodynamic flows bave been i d e n t i f i e d  a s  poss ib le  cont t ibutors  t o  these  
des tab i l i z ing  forces .  Bearings and p a r t i o u l a r l y  s e a l s  can c lea r ly  play such a r o l e  
a s  the  papers i n  t h i s  workshop (and previous workshops i n  the  same s e r i e s )  a t t e s t .  
But much l e s s  i s  known about the  po ten t i a l  fo r  des tab i l i z ing  fo rces  a r i s i n g  from the 
flows associa ted  wi th  the impeller and d i f f u s e r  of a  compressor or pmp; t h i s  paper 
w i l l  be confined t o  t h i s  issue.  
Consider the  hydrodynamio fo rces  ac t ing  on a pump impeller i n  the plane 
perpendicular t o  the  a x i s  of ro ta t ion ,  the  so-called l a t e r a l  hydrodynamic fo rces ,  
For present  purposes a s e t  of axes, X,Y i n  t h i s  plane a r e  defined a s  f ixed i n  t h e  
labora tory  or  l'volute" frame. The o r i g i n  of these axes corresponds t o  t h e  design 
p o s i t i o n  f o r  the  a x i s  of r o t a t i o n  of the impeller ( impeller  center)  f o r  t h a t  
impeller/volute combination, a l s o  ca l led  t h e  "volute center". Beoause of the  
asymmetry of most vo lu te  designs an impeller  r o t a t i n g  wi th  i t s  center  f ixed i n  t h i s  
coordinate frame w i l l  normally experience a steady force whose magnitude and direo- 
t i o n  w i l l  d i f f e r  according t o  the  p o s i t i o n  of the  impeller  center ,  denoted by 0 i n  
Figure I. Whether or  not t h i s  force i s  zero  when t h e  impeller center ,  0, coincides 
with the  volute  center  obviously depends upon the  wisdom of the  designer. I n  any 
Gase the l a t e r a l  foroe s  t h e  impeller f o r  any p o s i t i o n  of the  impeller can be 
represented by 
I n  both t h i s  equation and a l l  the  equations and r e s u l t s  which follow dimensionless 
fo rces  and de f lec t ions  a r e  used (see Nomenclature f o r  d e f i n i t i o n s ) .  Equation (1) 
impl ic i t ly  assumes small o f f s e t s  x,y i n  the  impeller center  so t h a t  the force 
v a ~ i a t i o n s  can be represented by such a l i n e a r  equation ( a t  the present time l i t t l e  
i s  known of poss ib le  n o w l i n e a r  e f f e c t s ) .  It f o l l m s  t h a t  the  steadv l a t e r a l  forces  
F F due t o  a f ixed  o f f s e t  of the  impeller center  can be represented by the  
f%ae% Po . F generated when t h e  impeller  center  ooinsidos with the  volute center  
(o r  a t  f e a s t y  some f i m d  laboratory pos i t ion)  p lus  a "s t i f fness"  matrix [A]. Both 
w i l l  be funct ions  of the  flow condit ions a s  represented by the flow coef f i c ien t  d, 
A subs tan t i a l  body of data now e x i s t s  on the  l a t e r a l  forces Fol,Fo thanks t o  
the  work of Domm and Bergt (Ref .'I), Agostonelli  e t  a1 (Ref .8) and fvcrson e t  a1 
(Ref.9) among others.  The present program of research a t  Caltech began with meas- 
urements of both the  l a t e r a l  forces F F and t h e  hydrodynamic ' l s t i f fness"  
matrice s  [A]. This inf ornation,  some of r h i % * w ~  presented a t  the  l a s t  workshop 
has  been repor ted  i n  Ref s.lO-13 and w i l l  not be repeated here. It was obtained by 
very slowly moving t h e  impeller  center  around a c i r c u l a r  o r b i t  ( a s  shown i n  Figure 
I) and measuring t h e  l a t e r a l  forces  a t  each location.  One of the  most s ign i f i aan t  
f e a t u r e s  of the  r e s u l t s  i s  best i l l u s t r a t e d  by evaluating the  fo rces  components 
%, FT normal and tangent ia l  t o  the  o r b i t  of t h i s  very slow whirl motion. It 
t ranspi red  t h a t  the  hydrodynamic fo rces  give r i s e  t o  a p o s i t i v e  tangent ia l  force i n  
the  same d i r e c t i o n  a s  the  d i reo t ion  of impeller r o t a t i o n  which would be rotordynami- 
s a l l y  des tabi l iz ing.  
The present  paper extends these r e s u l t s  t o  the  case of nownegl ig ib le  ve loc i ty  
of the  o rb i t ing  motion. Spec i f i ca l ly  a whirl motion wi th  a c i r c u l a r  o r b i t  and an 
angular  frsqaency, ti, is  imposed on t h e  impeller and r e s u l t i n g  unsteady fo rces  a r e  
measured. Denoting the  o r b i t  radius  by B t h i s  implies t h a t  x - s cos Qt/r2; 
y = a s i n  at/rZ and t h a t  Equation (1) needs t o  be general ized t o  the  form: 
where the rotordynamio force  m a t r i r  IA(Q/o)l i s  now a funct ion of the  r a t i o  of 
whirl  frequency t o  impeller r o t a t i n g  frequency */to a s  well  a s  the  flow coeff i- 
cient .  On the  other hand t h e  matr ices  required f o r  input i n t o  most rotordynamic 
ana lys i s  a r e  the s t i f f n e s s ,  CKI, damping. I C I ,  and i n e r t i a l ,  [MI, matrices defined 
by the dimensionless matrix equation 
It follows by comparing t h e  d e f i n i t i o n s  (2) and (3) t h a t  
It should be observed t h a t  Equation (3)  makes the  a p r i o r i  assumption t h a t  the  
matrix [A] v a r i e s  quadra t ica l ly  with a/w. There i s  no fundamental reason w h y  the  
hydrodynamic fo rces  should follow s a ~ h  a simple behavior. Nevertheless t h e  r e s u l t s  
of the  present study & seem t o  be well  represented by quadrat ics  and values  of [MI, 
[ C l  and [KI evaluated from l e a s t  squares f i t s  t o  t h e  CA(ti/w)l da ta  a r e  presented 
l a t e r .  F ina l ly  we note t h a t  the  imposition of a a i r c a l a r  o r b i t  motion i s  analogous 
t o  performing a forced v i b r a t i o n  experiment i n  a mechanical system; data  a r e  thereby 
ext rac ted  which have use i n  a more general dynamic ana lys i s  of the  system. 
EXPERIMENTAL, FACILITY 
The f a c i l i t y  used t o  conduct the  present experiments has been described i n  
d e t a i l  elsewhere (Refs.10,11,12,14). Only a b r i e f  desc r ip t ion  w i l l  be given here; 
modif i ca t ions  made f o r  the purpose of the  present experiments w i l l  be given more 
at tent ion.  The s i t e  of the experiments i s  a pmp loop (Figure 2) containing flow 
control and measuring systems. I n s t a l l ed  i n  the  loner l o f t  hand corner of t h i s  loop 
i s  the  t e s t  pump and dr ive  system known a s  t he  Rotor Force Test Fac i l i t y  (RPTF) 
shown schematioslly i n  Figure 3 .  The flow en te rs  the  centrifugal  impeller (5 )  from 
the i n l e t  connection (3)  and i n l e t  b e l l  ( 4 ) .  Volutes (2) of various geometries a r e  
contained i n  the  pump housing (1) so  t h a t  the volutes  can be of lightweight 
construction (most a r e  made of f i be rg l a s s ) ,  The impeller ( 5 )  i s  mounted d i r ec t l y  on 
the  in te rna l  force balance (6) which i s  new t o  t he  present experiments and i s  
discussed more f u l l y  below. Face s ea l s  on both the  i n l e t  and discharge side of the  
impeller are  backed-off t o  prescribed clearances i n  order t o  minimize t h e i r  
contribution t o  the  force on  the  impeller. The main pump shaf t  (10) r o t a t e s  i n  a 
double bearing system (7,8,11) designed so t h a t  r o t a t i on  of the sprocket ( 9 )  
attached t o  the  intermediate beating car t r idge causes the orbi t ing motion. The 
radius of the  orbi t ing motion i s  s e t  a t  0.126cm for  a l l  of the present experiments. 
This motion i s  driven by the eccentr ic  dr ive  motor ( 2  H.P.) The main shaf t  i s  
driven by the  main dr ive  motor (20 H.P.) through a gear box and a f l ex ib le  shaf t  
system designed t o  accommodate the whirl motion. The maximum speed of the  main 
shaf t  i s  about 3600 rpm (B = 60Hz) thoagh tho  current experiments have been 
performed a t  1000 and 2000 rpm ( w  = 16.7 and 33.3Hz). For reasons discussed below 
the  whirl speed i s  present ly  l imited t o  1000 rpm. 
Previous measurements of the  steady forces a t  zero whirl frequency 
(Ref . lO,l l , lZ,l3) were made using an external  force balance whose operation required 
f l oa t i ng  the  e n t i r e  bearing system and measuring the  forces  on t h i s  f loa t ing  mass. 
Though simpler t o  implement, t h i s  external  balance system was severely l imited i n  
i t s  dynamic capabi l i ty .  The in te rna l  balanoe was designed t o  measure the unsteady 
forces impl ic i t  i n  t h e  case of non-zero whirl frequencies (as  well as  other unsteady 
forces  such as  caused by ro to r / s t a to r  blade in te rac t ions  though these a r e  not 
addressed i n  the  present paper). It i s  a l so  designed t o  measure a l l  6 components of 
force and moment experienced by the  impeller. The design of t he  in te rna l  balance i s  
shown i n  the  schematic of Figure 4. Essent ia l ly ,  it consis ts  of four equally spaced 
"posts" para l l e l  t o  t he  ax i s  which connect two substant ia l  end p l a t e s  one of which 
i s  r i g i d l y  connected t o  the  drive shaf t  and the other is  used a s  a mounting base fo r  
the  impeller. The four "posts" which are  2.54 cm long and have a square cross- 
sect ion of O.Slcm on a side a re  placed a t  a radius of 4.76 cm. The posts and r i g i d  
end p l a t e s  were machined mono1 i t h i c a l l y  from s t a in l e s s  s tee l .  Semi-conductor s t r a i n  
gauges were bonded t o  a l l  four faoes of each post a t  locat ions  indicated i n  Figure 4 
(I/ 4, 1 / 2  and 3/4  span point6).  Different  combinations of s t r a i n  gauges were wired 
i n to  bridges, designed so as  t o  be sensi t ive  t o  each of the s i x  components of force 
(or force and moment components) experienced by the balanae. This balance was 
designed t o  have high natural  frequencies both fo r  tors ional  and l a t e r a l  def lect ions  
and y e t  be suff i c i en t l y  sens i t ive  t o  the  forces  i t  i s  intended t o  measure. Both the  
t o ~ . s i o a a l  and l a t e r a l  natural  frequencies with the  impeller attached t o  the  "free" 
end p l a t e  were estimated t o  be about 480 Hz. However Fourier analysis  of the 
spectrum of natural  frequencies when the  bal anoe was i n s t a l  led  indicated a oonsider- 
ably lcnrer natural  frequency of about 160 Hz (see Pigure 5 ) .  The addit ional  f lexi-  
b i l i t y  i s  a t t r i bu t ed  t o  the  shaf t  and the  bearing system. Structural ly  the balance 
was completed by a waterproof shie ld  enveloping t he  two end pla tes .  The in te rna l  
a i r  pressure was maintained a t  a constant, regulated value using the  hole through 
the center of the  shaf t  and a pneumatic co l l a r  connecting t h i s  with an ex te r io r  a i r  
supply. The wires from the s t r a i n  ganges were l ed  through the same hollow shaf t  and 
connected t o  a s e t  of 52 s l i p  rings. Pot the purpose of the analysis  discussed 
below it should be noted t h a t  the  l a t e r a l  forces  PI, F2 regis tered by the  impeller 
are  i n  a frame of reference r o t a t i n g  and whirl ing with the impeller. 
Unsteady f l u i d  flow measurements such as those attempted here  require  suffi-  
c i e n t  control t o  permit da ta  t o  be taken over many cycles  of both the whirl  and main 
shaf t  frequencies. This demands close control  of both motions which was aohieved by 
means of the control  system shown diagrammatically i n  Figure 6. A s ingle  frequency 
generator feeds a freqaency mul t ip l i e r /d iv lde r  u t i l i z i n g  t h e  input of two in tegers  
I, J chosen by the operator. One output s ignal  a t  a  frequency o d r i v e s  t h e  main 
shaf t  motor, a  feedback control  system ensuring close adherence t o  t h a t  dr iv ing sig- 
nal .  Another output a t  a  frequency S l  = I ~ / J  controls  the  eccen t r i c  dr ive  motor 
which i s  a l s o  provided with a feedback control  system, Three other o ~ t p u t s  from the 
f reqaency mult ipl  i e r /d iv ide r  a t  frequencies of u & R o r  (J * I ) ~ / J  and w/J are  
ased i n  the  data acqu i s i t ion  and processing systems. The flow f l u c t u a t o r  control 
system which i s  a l so  shcnrn i n  Pigure 6 has not a s  y e t  been used i n  the  research 
program. 
The centra l  component of the signal  processing system is a 16-channel d i g i t a l  
s ignal  processor which u t i l i z e s  a reference frequency (o ,  D = I w / J ,  w / ~  or  w * 0 )  
and accamulates an "average cycle" of data  f o r  each of the  16 data  input channels, 
described by 64  d i g i t a l  values per cycle per channel. This data i s  accumulated f o r  
up t o  4096 reference cycles. Subsequent Fourier analys is  of t h i s  d i g i t a l  data 
evaluates not only the magnitude and phase of the fundamental present  i n  each data 
channel bat  a l s o  the  same information f o r  many higher harmonics. In  the  present 
experiments the lowest common f  requency w / J ,  was ased a s  the  reference f requency; 
thus the  J t h  harmonic y i e l d s  the  magnitude and phase ( o r  in-phase and quadrature 
components) of the component of the  measurement a t  the  main shaf t  frequency and the  
I t h  harmonic does l ikewise fo r  the  component a t  the whirl  freqaenoy. (The 
importance of the oontrol system described e a r l i e r  i n  which in teger  values  f o r  I 
and J a r e  chosen by the  operator should now be apparent.) The present  paper 
oonoentrates on the  r e s u l t s  obtained f o r  the impeller fo rces  a s  measured by the 
in te rna l  balance. Since t h i s  i s  r o t a t i n g  with the  impeller it follows t h a t  the 
primary r e s u l t s  of i n t e r e s t  follow from the J t h ,  1~-1l th  and I f + ~ l t h  harmonics 
(see  below). Auxiliary information on flow r a t e s ,  pressures,  e t c  was obtained i n  
t h e  same way as reported i n  Ref . l O , l l , l 2  and 1 3 .  
INTERNAL BALANCE CALIBRATION 
As discussed above the in te rna l  balance includes nine f u l l  Wheat st om bridges 
eaoh of which i s  primari ly sens i t ive  t o  one or two of the  force and moment 
oomponents. Six of these nine bridges were se lec ted  t o  sense the s i x  components, 
the  other three being monitored a s  a back-up check on the  main measurements. The 
purpose of the c a l i b r a t i o n  procedure was t o  produce a 6x6 c a l i b r a t i o n  matrix, [Bl, 
which would ihclude a l l  of the  poss ib le  balance i n t e r a c t i o n s  so t h a t  the s i x  
component vector of forces  {F} could be subsequently ca lcula ted  from the s i x  
component vector  of output vol tages  {Vl by 
A number of d i f f e r e n t  ca l ib ra t ions ,  h y s t e r e s i s  t e s t s  and dynamic response t e s t s  were 
performed on the  balance i n  s i t u .  The bas ic  c a l i b r a t i o n  matrix was obtained by i n  
s i t u  s t a t i c  loading of the  balance using wires,  pul leys  and weights. The resu l t ing  
36 graphs displayed s a t i s f a c t o r y  l i n e a r i t y  i n  both the pr incipal  and i n t e r a c t i o n  
matrix elements. One of the  pr incipal  element c a l i b r a t i o n s  i s  shown i n  Figure 7. 
The l a r g e s t  i n t e r a c t i o n s  occurred ia t h e  t h r u s t  measuring bridge and these  were l e s s  
than 5% of the  p r inc ipa l  element outputs. The i n t e r a c t i o n s  i n  the  l a t e r a l  force 
br idges  was of the  order of 1%. Eys te res i s  t e s t s  performed by f a i t l y  rapid  manual 
operat ion of the  s t a t i c  ca l ib ra t ion  system revealed v i r t u a l l y  no s ign i f i can t  
h y s t e r e t i c  e f f e c t s .  
Further s t a t i c  and dynamic c a l i b r a t i o n  t e s t s  were ca r r i ed  out under r o t a t i n g  
and whir l ing  condit ions.  P i t s t  a  smooth flywheel with hidden and known of f-balance 
weights was used t o  check the  e a r l i e r  s t a t i c  c a l i b r a t i o n  by ro ta t ing  i n  a i r  without 
any whirl motion. This corresponds t o  a  s t a t i c  loading i n  t h e  r o t a t i n g  frame of the  
balance. Secondly the  balanced impeller was ro ta ted  i n  a i r  without whirl  motion i n  
order t o  de tec t  t h e  l a t e r a l  force r e s u l t i n g  from the  weight of the  impeller.  This 
i s  seen by the  balance a s  a  dynamic load and allowed evaluation of the dynamic 
response of the  balance up t o  about 50Hz. The magnitude and phase of the  balance 
element response remained unohanged up t o  t h i s  frequency; phase angles for  example 
wsre constant wi th in  i s0 .  Further dynamic checks were conducted using whirl  motion 
i n  a i r .  
Though t h e  design and loca t ion  of the  in te rna l  balance was chosen t o  minimize 
p a r a s i t i c  forces ,  never theless  it was necessary t o  subtrac t  some inev i t ab le  t a r e  
fo rces  from t h e  raw data  i n  order t o  e x t r a c t  t h e  e s s e n t i a l  hydrodynamic fo rces  
imparted t o  t h e  impeller.  This  was aocomplished by performing four d i f f e r e n t  s e t s  
of measurements f o r  each eventual da ta  point:  
( i)  The fo rces  f o r  the impeller  run a t  the  required speed and flow coeffi- 
c i e n t  
(ii) The f o r c e s  when the  impeller i s  run i n  a i r  a t  the  same speed 
(iii) The fo rces  when experiment ( i )  i s  performed i n  water with the impeller  
removed 
( i v )  Experiment (iii) performed i n  a i r .  
Subtract ing ( i i )  from (i) and ( i v )  from (iii) removes t h e  p a r a s i t i c  fo rces  due t o  
the  impeller and s h a f t  weight and small mass imbalances. Subtract ion of these two 
r e s u l t s  y i e l d s  t h e  force on the  impeller and e l iminates  p a r a s i t i c  hydrodynamic 
foroes  on the  e x t e r i o r  surface of the  in te rna l  balance. Indeed i t  t ranspi red  t h a t  
the  annular gap between the  ex te r io r  of the i n t e r n a l  balance and t h e  surroanding 
casing was s u f f i c i e n t l y  small (- O.Som) t o  cause measurable hydrodynamic t a r e  foroes 
and matr ices  t o  be present  i n  the  data  of (iii) minus ( i v )  . Some of these data  a r e  
given l a t e r .  
The l a t e r a l  forces  detected by the  i n t e r n a l  balance a r e  i n  a r o t a t i n g  reference 
frame. Denoting t h e  l a t e r a l  force components i n  t h e  balance frame by F1, F2 ( see  
Figure 8 )  it i s  necessary t o  describe how the  average fo rces  F  =, Fo and t h e  ele- 
ments of the  hydrodynuic  matrix [A1 wsre obtained. F i r s t  it Ps c1ePr t h a t  Fx. 
a r e  r e l a t e d  t o  F1, F2 by F~ 
- Pl ( t )  oos 4 - F a ( t )  s in  rt 
(6) 
%(t) = ~ ~ ( t )  sin ut + ~ ~ ( t )  oor cat 
As desaribed earlier Fl(t), F2(t) a t e  Fotlrisr analyzed asiog the refsconce 
freqwnoy w / ~  so that 
0 h k  
and PI, I$. Flp, PIRtand F& &.re available up 
d i g i t a l  data aoqaisx ion systetn and software. 
t o  aome l imiting valat of k from t h c  
Eliminatiag PI, F2 frm (6) and (71, 
subetitating the resalting expzessions for Fx, P into (2) aad then i n t e g r a t i n g  
W/J z o m l t n  in the f d l a r i n l  re lat ions  
Thus e v ~ l u a t i o n  of the Jth, (J-1)th a ~ d  (J+I)th harmonica a r e  requited. The usual 
value ohosea f o r  J was 10 though the data points a t  the lonest whirl frcqmauy used 
J=20,18,16,14 and 12; I ranged from -9 t o  +9. 
Bxperkental Test  Matrix 
Altogether seven s e t s  of aeaaumxnents have been marlo t o  date .  In each of thoaa 
s e t s  the whixl motioa radian fxequenog Q ( a s  given by the ohoiae of i n t e g e r s  I and 
J )  was varied while holdin8 the pnmp speed o, flow coefficidnt d and the faoe seal 
claaranoe s fixed. 
A l l  savsn s o t s  of menswetaents used the same f ive-bladed centrifugal inrpeller 
IImpaller 8 )  whi& has an outer radius r -16.2om and disaharge angle of 25 degrees. 
This impellst was oast  omt of bronze and Eas a rpco i f i o  speed of 0.57. In f ive out 
of the seven s e t s  a l o g a r i t b i e  spiral volute (Volute A) was used, This i s  a w e l l -  
matobed txspezoidal  cross-se~t ion f iberglass  volute that was dcsigaed t o  be used 
with Impeller X. The r a t i o  of t he  base c i r c l e  diameter t o  impeller diameter i s  
1.13, and the  area  a t  the  cutwater was 20.750m2. One s e t  of  neasarements was 
conducted using a c i r cu l a r  vola te  (Volute B ) ,  de l ibera te ly  mismatched with i t s  
5.42om constant diameter c i rcu la r  cross-seotion. Final ly ,  a s e t  of measurements was 
made with Impeller X ro ta t ing  and whirling inside the  pnmp outer casing, i n  t he  
absence of any volute,  
A f ace-seal clearance 0 .l3mm was maintained throughout a l l  the experiments. 
However, i n  one pa r t i cu l a r  s e t  of measurements two c i rcu la r  r ings were attached t o  
the i n t e r i o r  of the  vo la te  on e i t h e r  side of the impeller discharge i n  order t o  
reduce t h o  leakage flow. 
Six of the  s e t s  were conducted a t  1000 rpm impeller speed, while the whirl 
speed was var ied f ram 0 t o  900 rpm i n  both d i rec t ions  (-0.9 5 ~ / o  < 0.9) . The 
remaining s e t  was made a t  2000 rpm t o  study the  influence of pump speed on t he  
hydrodynamic foroes; i n  t h i s  case the  whirl speed was varied from 0 t o  1000 rpn i n  
both d i rec t ions  (-0.5 5 ~ / w  I0.5). The r e s t r i c t i o n  on the  highest whirl speed i s  
merely a precaotiosltrry measure t o  l i m i t  the  i n e r t i a l  loads and meohanical v ibrat ions  
on the  eccentr ic  dr ive  assembly and dynamometer. The combination of Volute A and 
Impeller X was t e s t ed  a t  3 values of d (aO6r .092 and 0.131) and 1000 rpm pump 
speed. All other experiments mentioned e a r l i e r  were conducted a t  "design" condition 
of d = ,092. 
RESULTS 
The r e s u l t s  presented i n  t h i s  paper w i l l  be confined t o  the  data obtained f o r  
the hydrodynamic force matrix I~($l/w)l, the  associated average normal and tangential  
force a FN, FT given by 
and the s t i f fne s s ,  damping and i n e r t i a  matrices [Kl, IC1 and [MI a s  defined by Eq. 
(3 ) .  Other data such a s  the  hydrodynamic performance (*(dl) and the  average l a t e r a l  
foroes Fox, w i l l  be presented i n  l a t e r  reports .  It should however be noted 
t h a t  the P values obtained were e s sen t i a l l y  independent of the  whirl speed 
and agreed w!& ? L s e  measured by Chamieh e t  a1 (Refs. 10.11.12). Thus r e  
conoentrats here on one of the r e s u l t s  of primary importance i n  t he  rotordynamic 
analysis  of oentrifngal  pumps. 
The various erperimental measurements a r e  campaxed with a base case, namely the 
r e s u l t s  fo r  the Volute A/Impeller X oombination run a t  1000 rpn and the  design flow 
coeff ic ient  d of 0.092 with face seal  clearances s e t  a t  0.13mm. The [A(P/W)] 
matrix f o r  t h i s  oasa i s  shown i n  Figure 9 p lo t ted  against  P/U, I n  common with a l l  
the other cases t e s t ed  t h i s  matrix has almost equal diagonal terms and off-diagonal 
terms which are almost equal but of opposite sign. This skew-symmetric form f o r  the 
hydrodynamic matrix i s  remarkable since there  i s  no frrndamental reason why it should 
take t h i s  form. This form is  o f t en  assumed but t h i s  i s  t he  f i r s t  confirmation t h a t  
we a r e  aware of. 
Because of t h i s  skew-symmetric form of the  hydrodynamic foroe matrix it i s  
convenient t o  present only the arithmetic mean of the  diagonal terms which, i n  f a c t ,  
corresponds t o  the  dimensionless normal force,  FN, averaged over the  whirl  o r b i t  and 
hal f  the difference of the off-diagonal terms which i n  f a c t  corresponds t o  the  
dimonsionless tangent ia l  force, FT, s imi lar ly  averaged. The values 
Of FY F~ corresponding t o  Figure 9 a r e  shown i n  Figure 10. The va r i a t i on  i n  hese
quan t i t i e s  with flow coeff ic ient  and with speed a r e  shown i n  Figures 11 and 12. The 
e f f ec t  of two r ings  t h a t  were at tached t o  the  volute on e i t h e r  s ide  of the  impeller 
discharge i n  order t o  reduce the  sea l  leakage i s  shown i n  Figure 13. F ina l ly  a 
comparison of the r e s u l t s  f o r  Volutes A and B i s  inoluded i n  Figure 14. 
Several general f ea tu res  of these r e s u l t s  should be emphasized. Considering 
f i r s t  PN note t h a t  the hydrodynamic force i s  almost always i n  t he  r a d i a l l y  outward di reot ion.  A t  zero whirl frequency it has a pos i t ive  value which i s  i n  close agree- 
ment with the r e s u l t s  of Chrrmieh e t  a1 (Refs. 10,11,12); t h i s  corresponds t o  a 
negative s t i f f n e s s  a t  zero whirl speed. The sign of the  tangent ia l  force, FT i s  
suoh as t o  prodaoe a rotordynamically s t ab i l i z i ng  e f f e c t  a t  negative whirl  spoeds 
and f o r  the l a rge r  pos i t ive  whirl speed. However it i s  important t o  note t h a t  there 
i s  a region of posi t ive  whirl speeds between zero and Q/w = 0.25 3 0.5 i n  which t he  
tangent ia l  force i s  des tab i l i z ing  rotordynamically. It would appear from Figure 11 
t h a t  t h i s  des tab i l i z ing  in te rva l  increases somewhat a s  the  flaw coef f i c i en t  
decreases. 
Conventional scal ing of forces  wi th  speed i n  pumps would imply t ha t  the data 
f o r  1000 rpm and 2000 rpm should be iden t ica l  when p lo t t ed  i n  the  chosen dimension- 
l e s s  form, Figure 1 2  demonstrates t h a t  t h i s  i s  the  case f o r  the  normal force FY bat the  tangent ia l  force,  FT, a t  negative whirl  speeds appears t o  be s ignif  icant  y 
d i f f e r en t  f o r  these two pump speeds. This coald be due t o  viscous, f r i c t i o n a l  
forces  which do not scale  with the  square of the ve loc i ty ,  
The addit ion of the leakage reducing r ings  shown ia Figure 13  had l i t t l e  e f fec t  
on the  r e s u l t s  except f o r  FT a t  negative whirl speeds. 
Note t h a t  a l l  of the  FN data i n  Figures 10 t o  13  i s  e s s en t i a l l y  the same. Only 
when the  volute i s  changed (Figure 14) i s  tho normal force a l t e red ,  The lower 
valnes  of FN f o r  Volute B would be expected since i t  has a l a rge r  cross-sectional 
area. However the tangent ia l  forces  were s imi lar  f o r  the two volutes.  
As an aside we included here the hydrodynamic t a r e s  aaased by the flow ex te r io r  
t o  the balance and shaf t .  These were e a r l i e r  described a s  the  di f ference i n  the 
r e s u l t s  of experiments (iii) and ( i v ) .  Note from Figure 1 5  t ha t  these t a r e s  amoant 
t o  about 5-147% of the  measured impeller  ef fects .  However it i s  i n t e r e s t i ng  t o  note 
t h a t  the functional form of these t a r e  forces  i s  s imi lar  t o  t h a t  f o r  the impeller 
forces.  
The conventional s t i f f ne s s ,  damping and i n e r t i a  matrices used by 
rotordynamicists were defined i n  Eq. ( 3 )  and (4) .  It i s  c l e a r  from Figures 9 
through 1 4  t ha t  the data can be f a i r l y  well represented by the quadrat ics  given i n  
Eq. ( 4 ) .  Dimensionless values of [Kl , [Cl and IM1 fo r  the  various experiments a r e  
presented i n  Table 11. The values without parentheses a r e  the r e s u l t  of quadratic 
l e a s t  squares f i t s  t o  the data f o r  both pos i t ive  and negative whirl speeds. The 
data i n  parentheses a r e  the r e s u l t  of quadrat ic  l e a s t  squares f i t s  t o  the  data f o r  
pos i t ive  whirl speeds only. Discrepancies between these values a r e  theref  ore a 
r e s u l t  of a combination of devia t ion f ram the  quadrat ic  behavior & uncertainty i n  
the  matrix element values. For example i t  i s  c lea r  t h a t  the curvature of the FT i s  
small and somewhat uncertain;  t h i s  r e s u l t s  i n  subs tan t i a l  discrepancies i n  the  off- 
diagonal terms of the  i n e r t i a  matrix, [MI. On the  other hand a l l  the  elements of 
the s t i f f n e s s  matrix, [ K l ,  are  well defined. The l a t t e r  a re  qu i t e  consistent  with 
the quas i - s t a t i ca l ly  measured s t i f f n e s s  matr ices  of Chamieh e t  a1 (Ref. lO,l l . l2) ,  
The damping and i n e r t i a  matrices represent  new data ,  They can be d i r e c t l y  compared 
with the  matrices presented by Ohashi a t  t h i s  workshop, I n  doing so one notes t h a t  
the  values f o r  a l l  matrices a r e  subs tan t i a l ly  l a rge r  than those of Ohashi's. Though 
the reasons f o r  t h i s  a r e  not c l ea r  a t  t h i s  time, it should be pointed out t h a t  the  
volute  boundaries a r e  much c loser  t o  the  impeller i n  t h e  present experiments and 
t h i s  should r e s a l t  i n  higher values of the  damping and added mass (or  i n e r t i a l  
e f f e c t s ) .  Note f o r  example the l a s t  line of Table I1 which represents  values 
obtained i n  t h e  absence of a volute (though the  pressure casing i s  s t i l l  close 
enough t o  produce a s igni f  ioant  e f f e c t  . 
CONCLUSIONS 
In  conclusion we note t h a t  the  data presented i n  t h i s  paper represents  t h e  
f i r s t  experimental measurements of the  complete hydrodynamic f oroe matrix f o r  a 
whirl ing oentr i fugal  pmp impeller.  The common assumption of skew-symmetry fo r  
these matrices i s  j u s t i f i e d  by the experiments and the  r e s a l t s  come close t o  t h e  
commonly used quadrat ic  v a r i a t i o n  with whirl  frequency. The steady forces  and 
s t i f f n e s s  matrices agree with those measured by Chamieh e t  a1 (Refs.10111,12). The 
damping and i n e r t i a l  matrices a r e  new and the  e f f e c t s  of these on the  rotordynamics 
of a typica l  pump should be tes ted .  Many more t e s t s  a r e  planned with the present  
experimental f a o i l  i t y  including t e s t s  with other impellers ,  volutes  (with and 
without d i f fuse r  vanes) under a wide v a r i e t y  of flow conditions, The e f f e c t s  of 
c a v i t a t i o n  w i l l  a1 so be examined soon, 
Some preliminary data was re leased i n  Xune 1983. This should now be disxe- 
garded; i t  i s  superseded by the  data of the  present  paper, 
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Figure 1 .  Coordinate system and force notation in a plane perpendicular t o  the 
a x i s  of rotation of the impeller. 
UPSTREAM ELECTRO- 
MAGNETIC FLOW METER 
Figure 2 .  Schematic plan view of the  pump loop prior t o  i n s t a l l a t i o n  of the Rotor 
Force Test F a c i l i t y  (RFTF). 
Figure 3 .  Cross-section of the main strnctnre of the Rotor Force Test F a c i l i t y  
( s e e  t e x t  for  numbered components). 
Figure 4 .  Schematic of the internal  force balance. 
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Figure 7 .  Typical i n  sita s t a t i c  ca l ibra t ion  curve showing the  vo l tage  output of 
a principal bridge f o r  various F1 l a t e r a l  loadings, Typical interac- 
t i o n  outputs were a l s o  l i n e a r  bat only 1 3 2  percent of the principal  
output s . 
/' CUT WATER 
Figure 8 .  Schematic showing the r e l a t i o n  between the  l a t e r a l  forces  i n  the sta- 
tionary X,Y frame and the rotat ing  frame of the balance, 
HERTZ 
Pigare 5 .  Preqaency analysis of the installed impeller/intcrnal balsnoe/shaft/ 
ecoentric drive system when a lateral  impulse i s  applied t o  the 
impeller. 
ECCENTRIC DRIVE PLOW PLUCTUATORS 
ECCENTRIC ORlVE 
MOTOR a FEEDBACK 
Figure 6 .  Sohematic of the control system for the Rotor Force Test Faci l i ty .  
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VOLUTE fl 
NO R I N G S  
Figure 10. l'hr dimensionleso noma1 and t a n p n t i a l  forces. FNs FT oorrosp~nding t o  
Pigare 9 .  
V O L U T E  R 
N O  R I N G S  
Figure 11 .  The normal and tangential  forces  for  Volute A/Impeller X a t  1000 r p  
for  three flow c o e f f i c i e n t s  d = 0.06,  0.092, 0.131. 
Ft VOLUTE R 2000 RPN= 2800 
HO R I N G S  "- 0 180B P H I =  ,892 
P S I =  . 4 4  
Figure 12. The normal and tangential forces, for Volute AIImpeller X at  tbe design 
flow coeff ic ient  d = 0.092 and two different pump speeds, 1000 rpn and 
2000 rpm. 
VOLUTE A r 
U/ RII4Cif 
F t V O L U T E  R rn 
Id/' R I N G S  
Figure 1 3 .  The normal and tangential forces F E for Volute A/Iapeller X a t  1000 
rpa m d  the design flow coefficY;ntT d = 0.092 sharing the e f fec t  of 
the leakage limiting rings. 
Fn VOLUTE B RPM= 1040 
PH I =  ,092 
PSI= , 4 1  
F t VOLUTE E m 
NO R I N G S  
Figure 14. Comparisonof FN, FT f o r  Volntes A a n d B  a t  1000 rgm and d =0.092.  
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Figure 1 5 .  The hydrodynamic tare e f fec t  of the internal balance when tested 
without an impeller at  1000 rpm. 
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